Reconfiguration of a smart surface using heteroclinic connections by Zhang, Jiaying et al.
Zhang, Jiaying and McInnes, Colin R and Xu, Ming (2017) 
Reconfiguration of a smart surface using heteroclinic connections. 
Proceedings of the Royal Society A: Mathematical, Physical and 
Engineering Sciences. pp. 1-24. ISSN 1364-5021 , 
http://dx.doi.org/10.1098/rspa.2016.0614
This version is available at https://strathprints.strath.ac.uk/59036/
Strathprints is  designed  to  allow  users  to  access  the  research  output  of  the  University  of 
Strathclyde. Unless otherwise explicitly stated on the manuscript, Copyright © and Moral Rights 
for the papers on this site are retained by the individual authors and/or other copyright owners. 
Please check the manuscript for details of any other licences that may have been applied. You 
may  not  engage  in  further  distribution  of  the  material  for  any  profitmaking  activities  or  any 
commercial gain. You may freely distribute both the url (https://strathprints.strath.ac.uk/) and the 
content of this paper for research or private study, educational, or not-for-profit purposes without 
prior permission or charge. 
Any correspondence concerning this service should be sent to the Strathprints administrator: 
strathprints@strath.ac.uk
The Strathprints institutional repository (https://strathprints.strath.ac.uk) is a digital archive of University of Strathclyde research 
outputs. It has been developed to disseminate open access research outputs, expose data about those outputs, and enable the 
management and persistent access to Strathclyde's intellectual output.
1 
 
 
5HFRQILJXUDWLRQRID6PDUW6XUIDFHXVLQJ+HWHURFOLQLF
&RQQHFWLRQV 
Jiaying Zhang1, 2θColin R McInnes2 and Ming Xu2, 3  
1 Department of Mechanical and Aerospace Engineering, University of Strathclyde, Glasgow, G1 1XJ, 
United Kingdom 
2 School of Engineering, University of Glasgow, Glasgow, G12 8QQ, United Kingdom 
3 School of Astronautics, Beihang University, Beijing, 100083, 3HRSOH¶V5HSXEOLFRI&KLQD 
E-mail: jiaying.zhang@strath.ac.uk 
 
Abstract. A reconfigurable smart surface with multiple equilibria is presented, modelled 
using discrete point masses and linear springs with geometric nonlinearity. An energy-
efficient reconfiguration scheme is then investigated to connect equal-energy unstable 
(but actively controlled) equilibria. In principle zero net energy input is required to 
transition the surface between these unstable states, compared to transitions between 
stable equilibria across a potential barrier. These transitions between equal-energy 
unstable states therefore form heteroclinic connections in the phase space of the problem. 
Moreover, the smart surface model developed can be considered as a unit module for a 
range of applications, including modules which can aggregate together to form larger 
distributed smart surface systems.  
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1. Introduction 
Many structures are designed with multi-stable characteristic for use in adaptive applications, such as 
compliant mechanisms. These structures have a number of advantages compared to conventional 
mechanisms, such as reducing the number of components required [1]. In particular, compliant 
mechanisms can use stored strain energy to enable motion from one stable position to another stable 
position [2]. The nonlinear deformation behaviour of such mechanisms has attracted significant interest 
with supporting experiment results [3]. Moreover, unstable equilibria could also be connected through 
heteroclinic connections in the phase space of the problem. Active control could be used to maintain 
the structure in unstable states, so that a transition between unstable configurations could be in principle 
found [4,5]. Transitions between equal-energy unstable states across a potential well are likely to be 
more efficient than transitions between stable states across a potential barrier. Meanwhile, the 
development of novel smart materials has helped to accelerate the implementation of  practical adaptive 
structures, whose properties are controlled by external stimuli such as moisture, temperature, electric 
or magnetic fields [6,7]. A large number of smart materials with various characteristics, such as shape 
memory alloys (SMAs), temperature-responsive polymers (TMPs) and piezoelectric materials can in 
principle be used to fabricate such smart structures [8±10].  
The increasingly broad application of smart structures can be found in many fields, such as the 
aerospace, energy and marine sectors, particularly for adaptive optics, vibration control and flow control 
[11]. Numerous engineering applications have also been investigated to utilise smart surfaces. For 
example, a reconfigurable reflector for a telecommunication satellite antenna has been investigated, 
providing significant advantages over conventional static antennae [12]. µHoverMesh¶, a deformable 
structural mesh, has been developed as a spatial user interface. It has a cubical geometry with the upper 
wall designed as a deformable mesh of inflatable cells [13]. µSmart skin¶ is a flexible, stretchable, and 
multifunctional surface which is fabricated from distributed sensing elements and electrodes. It has been 
applied in robotics and bionics and demonstrates excellent utility [14]. Moreover, some biomimetic 
concepts are derived from natural phenomenon, for example deployable membranes designed from 
folding tree leaves. New fold patterns were developed for applications to engineered structures by 
considering the folding of natural structures [15]. A shape memory alloy (SMA) assembly has also been 
developed as a mesh structure, which is attached to an inflatable boom. The smart mesh structure can 
then be used to control wrinkling and the deformed configuration of the inflatable boom structure [16]. 
A single sheet can be reconfigured to a range of desired shapes through multiple controllers and 
optimised design [17].  
Furthermore, advanced applications have been considered by connecting smart surface units in order to 
enable additional states of the system. A compound surface has developed to investigate higher order 
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multi-stability through numerical simulation and experiment [18]. Others have designed materials that 
can alter their bulk shape through active control by the deformation of compliant elements. Such 
materials are best suited to high-precision applications that benefit from materials that can achieve a 
desired bulk surface profile rapidly and efficiently [19]. Moreover, deformable surfaces have been 
widely investigated in different concepts, such as morphing composites and multifunctional origami.  
Some optimised shape and stacking sequence fiber-reinforced polymer (FRP) shells have been 
developed to enhance their in-plane properties [20]. Meanwhile, the elastic instabilities of shells have 
also been studied to design geometries for modifying and controlling post-buckling behaviour of the 
structure [21]. A new passive honeycomb has been designed as a celluar structure, which is quite 
different to normal honeycomb structures. Based on an in-SODQHQHJDWLYH3RLVVRQ¶VUDWLREHKDYLRXU, a 
wing box filled with such a honeycomb has the ability to change the shape of an aerofoil [22]. The 
concept of using PoissRQ¶V UDWLR has been applied to the design of a Kirigami structure made of 
composite materials. Numerical and experimental results demonstrate such Kirigami cellular structures 
can easily implement shape changing behaviour based on their changeable deformation characteristics 
[23]. Other work is based on a negative PoLVVRQ¶VUDWLRZKLFKXVHs a folded shell to produce Miura-ori 
fold patterns. Based on the kinematics of the folding, the structure can obtain the ability to perform 
planar deformations and bending. These folded shells have then been stacked together as Miura layers 
to produce a more complex 3D deployable structure which can have varying characteristics specific to 
different stacked configurations of the layers [24]. In addition, a double corrugation walled structure 
has been designed to offer an excellent ratio between bending and axial stiffness, which is the capabilty 
of concurrently carrying bending and shear loads for morphing skins [25]. Other smart surface work 
aims to develop a micro-scale system for conveying, sorting and positioning micro-parts. Such a smart 
surface is designed through distributed cells, which contain sensors, processing units and actuators [26]. 
In previous related work, McInnes and Waters investigated a simple smart structure model, which 
comprised a two mass chain with three springs [27].  The model was then approximated to provide a 
simple cubic nonlinearity to investigate its characteristics using dynamical system theory. A set of both 
stable and unstable equilibrium configurations were found, with transitions between the equal-energy 
unstable equilibria identified as heteroclinic connections. This cubic model was considered as a simple 
mechanical system with the ability to change its kinematic configuration between a finite set of unstable 
equilibria. The model was also used to investigate vibrational energy harvesting through the use of 
stochastic resonance [28].  
In principle, such transitions between equal-energy unstable states can be achieved without energy input, 
in the absence of dissipation. Indeed simulation results show that reconfiguration between such unstable 
equilibria can be energetically more efficient compared to transitions between stable configurations, 
which need to cross a potential barrier. Moreover, a novel method has been investigated to plan and 
control such transitions based on a polynomial reference trajectory and an inverse control method. It is 
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envisaged that being computationally efficient, the control strategy could form the basis of real-time 
reconfiguration of smart structures [29]. Then, a more complex and realistic spring-mass model has 
been developed to better represent a more realistic smart structure system [30,31]. Again, a set of 
equilibria can be found which in principle can be connected with heteroclinic paths in the phase space 
of the problem. Strategies have also been considered to deal with energy dissipation using a range of 
control methods. The concept of heteroclinic connections between equal-energy unstable states has also 
been applied to reconfigure a linked bar mechanism [32]. 
In this paper heteroclinic connections are investigated as a means to reconfigure a simple discrete model 
of a smart surface structure, which is similar to the Hencky-type discrete model for pantographic 
structures. However, the work in this paper analyses the vertical deformation and so is quite different 
to the Hencky-type discrete model, which focuses on planar deformation [33]. In Section 2, the surface 
structure is considered as an elastic plane which has a range of both stable and unstable configurations. 
As an approximation, the surface is modelled as a two-dimensional spring-mass array without 
dissipation and with a simplifying cubic nonlinearity to allow an investigation of its characteristics 
using dynamical system theory. Firstly, Section 3 discusses each spring-mass element, considered as a 
cubic nonlinearity between different nodes, and then an adjacency matrix is used to assemble elements 
together. Therefore, a set of both stable and unstable equilibrium configurations can be identified in the 
model, so that the reconfiguration of the smart surface can be considered between the equal-energy 
unstable states, as presented in Section 4.  It is assumed that the simple reconfigurable structure 
possesses embedded sensors and actuators to allow the unstable equilibria to be actively controlled. 
Meanwhile, a feedback control law is proposed that can stabilise the dynamics of the smart surface in 
Section 5. This control strategy can actively maintain the structure in an unstable configuration. Section 
6 presents more complex dynamics of such surface structures, which can be formed from an assembly 
of modules. For example, each surface module can be regarded as a microsystem unit for conveying, 
sorting and positioning micro-parts. 
2. Smart surface model 
The smart surface structure consists of a two-dimensional array of connected springs and masses. 
Consider firstly a simple elastic model, with an array of masses connected as chains by linear springs 
of stiffness ݇ and natural lengthܮ. In order to proceed, it is assumed that the masses can only move in 
the vertical (out-of-plane) direction without damping. The out-of-plane displacement of mass ݉ is 
defined by displacementݔ, while each mass is separated by a fixed distance݀. Consider a simple spring-
mass element, which is the basic unit of the smart surface model. Based on the previous discussion, it 
is assumed that the masses can only move in the vertical direction as shown in Fig. 1. 
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Figure 1. Spring-mass element. 
To proceed, ܶ is defined as the internal tension in a single spring, so that the tension of the spring can 
be described by 
 
ܶ ൌ  ?  ?  ݇
(1) 
where  ? is the extension of the spring length beyond its natural length, which can be described by  
  ?ൌඥሺݔ௜ିଵ െ ݔ௜ሻଶ ൅ ݀ଶ െ ܮ (2) 
Therefore, the force experience by each node can be written as 
 ௜݂ǡଵ ൌ െ ?  ? ݇  ? ሺݔ௜ିଵ െ ݔ௜ሻඥሺݔ௜ିଵ െ ݔ௜ሻଶ ൅ ݀ଶ ൌ െ݇൫ݔ௜ିଵǡ െ ݔ௜൯ ቆ ? െ ݈଴ඥሺݔ௜ିଵ െ ݔ௜ሻଶ ൅ ݀ଶቇ (3) 
The dynamics of each mass in a 1-dimensional chain are then described by 
 ݉ݔሷ௜ǡଵ ൌ െ݇ሺݔ௜ିଵ െ ݔ௜ሻ ቆ ? െ ݈଴ඥሺݔ௜ିଵ െ ݔ௜ሻଶ ൅ ݀ଶቇ (4) 
The nonlinear term can be expanded by assuming ݔȀ݀ ا  ? to simplify the full nonlinearity of the 
problem. It can then be shown that  
 ݉ݔሷ௜ ൌ െ݇ ൬݈଴݀ െ  ?൰ሺݔ௜ିଵ െ ݔ௜ሻ ൅ ݈݇଴ ? ଷ݀ ሺݔ௜ିଵ െ ݔ௜ሻଷ ൅ ڮ (5) 
Following McInnes and Waters [27] a non-dimensional position coordinate ݍ ൌ ඥ݈଴  ? ଷ݀ ? ݔ and non-
dimensional time ߬ ൌ ݐ ඥ݉ ݇ ? ?  can be defined with ߤ ൌ ሺ݈଴ ݀ ? െ  ?ሻ so that 
 
ݍሷ௜ ൌ െߤሺݍ௜ିଵ െ ݍ௜ሻ ൅ ሺݍ௜ିଵ െ ݍ௜ሻଷ (6) 
In order to illustrate the smart surface model directly, a simple surface is considered as the structure 
shown in Fig. 2. The location of each mass as a row and column can be defined as ݑandݒ, respectively. 
Each mass ݉௜ǡ௝ can then be located on the ݅௧௛ row and ݆௧௛ column, which is connected to its neighbours 
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by linear springs. The dynamics of mass ݉௜ǡ௝ are then driven by the displacements 
of݉௜ିଵǡ௝,݉௜ାଵǡ௝,݉௜ǡ௝ିଵ  and݉௜ǡ௝ାଵ. The dynamics of mass ݉௜ǡ௝ is therefore defined by 
 
ݍሷ௜ǡ௝ ൌ െߤ൫ݍ௜ିଵǡ௝ െ ݍ௜ǡ௝൯ ൅ ൫ݍ௜ିଵǡ௝ െ ݍ௜ǡ௝൯ଷ ൅ ߤ൫ݍ௜ǡ௝ െ ݍ௜ାଵǡ௝൯ െ ൫ݍ௜ǡ௝ െ ݍ௜ାଵǡ௝൯ଷെ ߤ൫ݍ௜ǡ௝ିଵ െ ݍ௜ǡ௝൯ ൅ ൫ݍ௜ǡ௝ିଵ െ ݍ௜ǡ௝൯ଷ ൅ ߤ൫ݍ௜ǡ௝ െ ݍ௜ǡ௝ାଵ൯ െ ൫ݍ௜ǡ௝ െ ݍ௜ǡ௝ାଵ൯ଷ (7) 
Due to the fixed boundary conditions of the problem, the surface model can be considered as a four 
degree-of-freedom system, which considers only vertical mass displacements. The displacement of the 
boundary nodes can be set to zero, i.e. ݍ଴ǡ଴ ൌ ݍ଴ǡଵ ൌ ݍ଴ǡଶ ൌ ݍ଴ǡଷ ൌ ݍଵǡ଴ ൌ ݍଵǡଷ ൌ ݍଶǡ଴ ൌ ݍଶǡଷ ൌ ݍଷǡ଴ ൌݍଷǡଵ ൌ ݍଷǡଶ ൌ ݍଷǡଷ ൌ  ?. There dynamics of the full, coupled system can therefore be written as 
v
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Figure 2. A simple surface model with fixed boundary condition. 
 ۏێێ
ۍݍሷଵǡଵݍሷଵǡଶݍሷଶǡଵݍሷଶǡଶےۑۑ
ې ൌ ۏێێێ
ۍ ?ߤݍଵǡଵ െ ߤ൫ݍଶǡଵ ൅ ݍଵǡଶ൯ ?ߤݍଵǡଶ െ ߤ൫ݍଶǡଶ ൅ ݍଵǡଵ൯ ?ߤݍଶǡଵ െ ߤ൫ݍଵǡଵ ൅ ݍଶǡଶ൯ ?ߤݍଶǡଶ െ ߤ൫ݍଵǡଶ ൅ ݍଶǡଵ൯ےۑۑ
ۑې ൅ ۏێێێ
ێۍെ ?ݍଵǡଵଷ െ ൫ݍଵǡଵ െ ݍଶǡଵ൯ଷ െ ൫ݍଵǡଵ െ ݍଵǡଶ൯ଷെ ?ݍଵǡଶଷ െ ൫ݍଵǡଶ െ ݍଶǡଶ൯ଷ ൅ ൫ݍଵǡଵ െ ݍଵǡଶ൯ଷെ ?ݍଶǡଵଷ ൅ ൫ݍଵǡଵ െ ݍଶǡଵ൯ଷ െ ൫ݍଶǡଵ െ ݍଶǡଶ൯ଷെ ?ݍଶǡଶଷ ൅ ൫ݍଵǡଶ െ ݍଶǡଶ൯ଷ ൅ ൫ݍଶǡଵ െ ݍଶǡଶ൯ଷےۑۑۑ
ۑې
 (8) 
This four degree-of-freedom system is easily formed from the dynamics of the problem through using 
Eq. (7). Moreover, the system is constructed from two parts, a linear destabilising force term and 
nonlinear stabilising force term. It can be expected that the linear and cubic terms will yield families of 
both stable and unstable equilibria. 
3. General methods 
We now consider a general method with an ݊ ൈ ݊ array of masses using the same functional form of 
the nonlinearity above. It is again assumed that the system is considered conservative without 
dissipation. The adjacency matrix of the graph connecting the nodes can now be used to form the 
generalised position of each node. The four degree-of-freedom system above is firstly employed to 
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illustrate this general method. Since the system detailed above is considered conservative without 
dissipation, its behaviour can be described through the use of an effective potentialܸሺࢗǡ ߤሻ by the 
position set coordinate ࢗ ൌ ൛ݍ௜ǡ௝ൟሺ݅ ൌ  ? െ ݊ǡ ݆ ൌ  ? െ ሻ݊ such that the momenta ࢖ ൌ ൛݌௜ǡ௝ൟሺ݅ ൌ  ? െ݊ǡ ݆ ൌ  ? െ ሻ݊  can be obtained from݌ሶ௜ǡ௝ ൌ െ߲ܸሺࢗǡ ߤሻ ߲ݍ௜ǡ௝ ? . The effective potentialܸሺࢗǡ ߤሻ can then 
be defined as 
 
ܸሺࢗǡ ߤሻ ൌ െߤݍଵǡଵଶ െ ߤݍଵǡଶଶ െ ߤݍଶǡଵଶ െ ߤݍଶǡଶଶ െ  ? ?ߤ൫ݍଵǡଵ െ ݍଶǡଵ൯ଶ െ  ? ?ߤ൫ݍଵǡଵ െ ݍଵǡଶ൯ଶെ  ? ?ߤ൫ݍଵǡଶ െ ݍଶǡଶ൯ଶ െ  ? ?ߤ൫ݍଶǡଵ െ ݍଶǡଶ൯ଶ ൅  ? ?ݍଵǡଵସ ൅  ? ?ݍଵǡଶସ ൅  ? ?ݍଶǡଵସ൅  ? ?ݍଶǡଶସ ൅  ? ?൫ݍଵǡଵ െ ݍଶǡଵ൯ସ ൅  ? ?൫ݍଵǡଵ െ ݍଵǡଶ൯ସ ൅  ? ?൫ݍଶǡଶ െ ݍଵǡଶ൯ସ൅  ? ?൫ݍଶǡଶ െ ݍଶǡଵ൯ସ 
(9) 
Equation (9) shows that the potential consists of two parts, one a quadratic term, which again provides 
a destabilising linear force at small displacements and a quartic term, which provides a stabilising, 
nonlinear restoring force at large displacements. It is assumed later that ݍ௜ǡ௝ is a displacement that can 
be sensed and ߤ  is a spring coupling parameter that can be manipulated for active control and 
stabilisation. Therefore, a general method can be considered such that the potential energy can be 
formed from two parts, a quadratic term and a quartic term, which can be defined by 
 ܯଶ ൌ ۏێێ
ێێۍ൫ݍ଴ǡ଴ െ ݍ଴ǡ଴൯ଶ ڮ ൫ݍ଴ǡ଴ െ ݍ௜ǡ௝൯ଶ ڮ ൫ݍ଴ǡ଴ െ ݍ௡ǡ௡൯ଶڭ ڰ ڭ ڰ ڭ൫ݍ௜ǡ௝ െ ݍ଴ǡ଴൯ଶ ڮ ൫ݍ௜ǡ௝ െ ݍ௜ǡ௝൯ଶ ڮ ൫ݍ௜ǡ௝ െ ݍ௡ǡ௡൯ଶڭ ڰ ڭ ڰ ڭ൫ݍ௡ǡ௡ െ ݍ଴ǡ଴൯ଶ ڮ ൫ݍ௡ǡ௡ െ ݍ௜ǡ௝൯ଶ ڮ ൫ݍ௡ǡ௡ െ ݍ௡ǡ௡൯ଶےۑۑ
ۑۑې (10) 
and 
 ܯସ ൌ ۏێێ
ێێۍ൫ݍ଴ǡ଴ െ ݍ଴ǡ଴൯ସ ڮ ൫ݍ଴ǡ଴ െ ݍ௜ǡ௝൯ସ ڮ ൫ݍ଴ǡ଴ െ ݍ௡ǡ௡൯ସڭ ڰ ڭ ڰ ڭ൫ݍ௜ǡ௝ െ ݍ଴ǡ଴൯ସ ڮ ൫ݍ௜ǡ௝ െ ݍ௜ǡ௝൯ସ ڮ ൫ݍ௜ǡ௝ െ ݍ௡ǡ௡൯ସڭ ڰ ڭ ڰ ڭ൫ݍ௡ǡ௡ െ ݍ଴ǡ଴൯ସ ڮ ൫ݍ௡ǡ௡ െ ݍ௜ǡ௝൯ସ ڮ ൫ݍ௡ǡ௡ െ ݍ௡ǡ௡൯ସےۑۑ
ۑۑې (11) 
where M is a  ?݊ ൈ  ?  ݊matrix, the VXEVFULSW µ¶ LQGLFDWHV WKH TXDGUDWLF WHUP DQG WKH VXEVFULSW µ¶
indicates the quadratic term.  
Then, an adjacency matrix is defined to form the generalised position of each node, which includes the 
relationship between every node by using an element µ¶to define connected nodes DQGµ¶to define 
unconnected nodes. Figure 3 illustrates a simple relationship between 4 nodes which are connected with 
one another sequentially in turn, thus the adjacency matrix can be defined by 
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 ܣ ൌ ቎ ?  ? ?  ?  ?  ? ?  ? ?  ? ?  ?  ?  ? ?  ?቏ (12) 
with the boundary conditionsݍଵ ൌ ݍସ ൌ  ?. 
 
Figure 3. Example of a simple adjacency relationship. 
In addition, a more general configuration can be considered by inserting the coupling parameters ߤ into 
the adjacency matrix, which express the detailed mechanical relationship between each of the nodes. 
The matrix A therefore can be rewritten as  
 ܣ ൌ ۏێێ
ۍ  ? ߤଵǡଶ  ?  ?ߤଵǡଶ  ? ߤଶǡଷ  ? ? ߤଶǡଷ  ? ߤଷǡସ ?  ? ߤଷǡସ  ? ےۑۑ
ې
 (13) 
A generalised, extensive form of the adjacency matrix can now be defined as  
 ܣ ൌ ۏێێ
ێۍ  ? ڮ ߤ଴଴ǡ௜ǡ௝ ڮ ߤ଴ǡ଴ǡ௡ǡ௡ڭ ڰ ڭ ڰ ڭߤ଴଴ǡ௜ǡ௝ ڮ  ? ڮ ߤ௜ǡ௝ǡ௡ǡ௡ڭ ڰ ڭ ڰ ڭߤ଴ǡ଴ǡ௡ǡ௡ ڮ ߤ௜ǡ௝ǡ௡ǡ௡ ڮ  ? ےۑۑ
ۑې
 (14) 
where ߤ௜ǡ௝ǡ௡ǡ௡ defines the coupling relationship between nodes ݍ௜ǡ௝ and ݍ௡ǡ௡. 
Accordingly, the potential energy of the system can be constructed by combining a quadratic-term 
matrix, quartic-term matrix and adjacency matrix. To proceed we define ܴ as 
 
ܴ ൌ ܴଵ ל ܴଶ (15) 
where ל denotes the Hadamard product (element-wise product). The Hadamard product is an operation 
such that each element (݆݅) in the matrix is produced from the product of the corresponding location 
elements (݆݅) in another two matrices of the same dimension to generate a new matrix with the same 
dimension of the original two matrices.  It is noted that ܴ has the same dimension as the operands with ܴଵ and ܴଶ. 
Therefore, the total potential energy ܸ can be defined as  
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 ܸ ൌ െ  ? ?ݏݑ݉ሺܯଶ ל ܣଵሻ ൅  ? ?ݏݑ݉൫ܯସ ל ܣఓ൯ (16) 
where ܣଵ and ܣఓ are upper triangular matrixes that can be developed from Eq.(12) and Eq.(14) such 
that 
 ܣଵ ൌ ൥ڰ  ?  ? ? ڰ  ? ?  ? ڰ൩ (17) 
 ܣఓ ൌ ۏێێێ
ۍ ? ڮ ߤ଴଴ǡ௜ǡ௝ ڮ ߤ଴ǡ଴ǡ௡ǡ௡ڭ ڰ ڭ ڰ ڭ ? ڮ  ? ڮ ߤ௜ǡ௝ǡ௡ǡ௡ڭ ڰ ڭ ڰ ڭ ? ڮ  ? ڮ  ? ےۑۑ
ۑې
 (18) 
Since the system is considered conservative without dissipation, the Hamiltonian of the system can then 
be constructed from the kinetic and potential energy as 
 ܶሺ࢖ሻ ൌ  ? ?ԡ࢖ଶԡ (19) 
 ܸሺࢗሻ ൌ െ  ? ?ݏݑ݉൫ܯଶ ל ܣఓ൯ ൅  ? ?ݏݑ݉ሺܯସ ל ܣଵሻ (20) 
where again the set ࢗ ൌ ൛ݍ௜ǡ௝ൟሺ݅ ൌ  ? െ ݊ǡ ݆ ൌ  ? െ ሻ݊  is associated with the set of momenta ࢖ ൌ൛݌௜ǡ௝ൟሺ݅ ൌ  ? െ ݊ǡ ݆ ൌ  ? െ ሻ݊. Then the dynamics of the V\VWHP FDQ EH REWDLQHG IURP +DPLOWRQ¶V
equations. It is clear that since the kinetic energy is independent of ࢗ, it can be seen that ࢖ሶ ൌ െ׏௤ܸሺࢗሻ 
so that 
 
ݍሶ௜ǡ௝ ൌ ݌௜ǡ௝ (21) 
 
݌௜ǡ௝ ൌ െ׏௤ܸሺࢗሻ (22) 
The model shown in Fig.2 is now employed as an example to illustrate the detailed process using the 
general methods above. The labelled graph of the simple smart surface structure is shown in Fig. 4. The 
displacement of the boundary nodes can again be set to zero, i.e. ݍ଴ǡ଴ ൌ ݍ଴ǡଵ ൌ ݍ଴ǡଶ ൌ ݍ଴ǡଷ ൌ ݍଵǡ଴ ൌݍଵǡଷ ൌ ݍଶǡ଴ ൌ ݍଶǡଷ ൌ ݍଷǡ଴ ൌ ݍଷǡଵ ൌ ݍଷǡଶ ൌ ݍଷǡଷ ൌ  ?. 
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Figure 4. Labelled graph of the simple smart surface structure. 
Therefore, the relevant matrixes can be defined as 
 ܯଶ ൌ ۏێێ
ێێۍ൫ݍ଴ǡ଴ െ ݍ଴ǡ଴൯ଶ ڮ ൫ݍ଴ǡ଴ െ ݍ௜ǡ௝൯ଶ ڮ ൫ݍ଴ǡ଴ െ ݍଷǡଷ൯ଶڭ ڰ ڭ ڰ ڭ൫ݍ௜ǡ௝ െ ݍ଴ǡ଴൯ଶ ڮ ൫ݍ௜ǡ௝ െ ݍ௜ǡ௝൯ଶ ڮ ൫ݍ௜ǡ௝ െ ݍଷǡଷ൯ଶڭ ڰ ڭ ڰ ڭ൫ݍଷǡଷ െ ݍ଴ǡ଴൯ଶ ڮ ൫ݍଷǡଷ െ ݍ௜ǡ௝൯ଶ ڮ ൫ݍଷǡଷ െ ݍଷǡଷ൯ଶےۑۑ
ۑۑې
ଵ଺ൈଵ଺
 (23) 
 ܯସ ൌ ۏێێ
ێێۍ൫ݍ଴ǡ଴ െ ݍ଴ǡ଴൯ସ ڮ ൫ݍ଴ǡ଴ െ ݍ௜ǡ௝൯ସ ڮ ൫ݍ଴ǡ଴ െ ݍଷǡଷ൯ସڭ ڰ ڭ ڰ ڭ൫ݍ௜ǡ௝ െ ݍ଴ǡ଴൯ସ ڮ ൫ݍ௜ǡ௝ െ ݍ௜ǡ௝൯ସ ڮ ൫ݍ௜ǡ௝ െ ݍଷǡଷ൯ସڭ ڰ ڭ ڰ ڭ൫ݍଷǡଷ െ ݍ଴ǡ଴൯ସ ڮ ൫ݍଷǡଷ െ ݍ௜ǡ௝൯ସ ڮ ൫ݍଷǡଷ െ ݍଷǡଷ൯ସےۑۑ
ۑۑې
ଵ଺ൈଵ଺
 (24) 
and so it can be shown that 
 
ܣଵ ൌ
ۏێێ
ێێێ
ێێێ
ێێێ
ێێێ
ۍ ?  ?  ?  ?  ?  ?  ?  ?  ?  ?  ?  ?  ?  ?  ?  ? ?  ?  ?  ?  ?  ?  ?  ?  ?  ?  ?  ?  ?  ?  ?  ? ?  ?  ?  ?  ?  ?  ?  ?  ?  ?  ?  ?  ?  ?  ?  ? ?  ?  ?  ?  ?  ?  ?  ?  ?  ?  ?  ?  ?  ?  ?  ? ?  ?  ?  ?  ?  ?  ?  ?  ?  ?  ?  ?  ?  ?  ?  ? ?  ?  ?  ?  ?  ?  ?  ?  ?  ?  ?  ?  ?  ?  ?  ? ?  ?  ?  ?  ?  ?  ?  ?  ?  ?  ?  ?  ?  ?  ?  ? ?  ?  ?  ?  ?  ?  ?  ?  ?  ?  ?  ?  ?  ?  ?  ? ?  ?  ?  ?  ?  ?  ?  ?  ?  ?  ?  ?  ?  ?  ?  ? ?  ?  ?  ?  ?  ?  ?  ?  ?  ?  ?  ?  ?  ?  ?  ? ?  ?  ?  ?  ?  ?  ?  ?  ?  ?  ?  ?  ?  ?  ?  ? ?  ?  ?  ?  ?  ?  ?  ?  ?  ?  ?  ?  ?  ?  ?  ? ?  ?  ?  ?  ?  ?  ?  ?  ?  ?  ?  ?  ?  ?  ?  ? ?  ?  ?  ?  ?  ?  ?  ?  ?  ?  ?  ?  ?  ?  ?  ? ?  ?  ?  ?  ?  ?  ?  ?  ?  ?  ?  ?  ?  ?  ?  ? ?  ?  ?  ?  ?  ?  ?  ?  ?  ?  ?  ?  ?  ?  ?  ?ےۑۑ
ۑۑۑ
ۑۑۑ
ۑۑۑ
ۑۑۑ
ې
ଵ଺ൈଵ଺
 
 
(25) 
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 ܣఓ ൌ ۏێێێ
ۍ ? ڮ  ? ڮ  ?ڭ ڰ ڭ ڰ ڭ ? ڮ  ? ڮ ߤ௜ǡ௝ǡ௡ǡ௡ڭ ڰ ڭ ڰ ڭ ? ڮ  ? ڮ  ? ےۑۑۑ
ې
ଵ଺ൈଵ଺
 (26) 
We use two different relationships ߤଵ  and ߤଶ  to construct the matrix ܣఓ , where ߤଵ  defines the 
relationship between free nodes and boundary nodes and ߤଶ defines the relationship between free nodes 
each other. Equation (25) can be therefore rewritten as 
 ܣଵ ൌ
ۏێێ
ێێێ
ێێێ
ێێێ
ێێێ
ۍ ?  ?  ?  ?  ?  ?  ?  ?  ?  ?  ?  ?  ?  ?  ?  ? ?  ?  ?  ?  ? ߤଵ  ?  ?  ?  ?  ?  ?  ?  ?  ?  ? ?  ?  ?  ?  ?  ? ߤଵ  ?  ?  ?  ?  ?  ?  ?  ?  ? ?  ?  ?  ?  ?  ?  ?  ?  ?  ?  ?  ?  ?  ?  ?  ? ?  ?  ?  ?  ? ߤଵ  ?  ?  ?  ?  ?  ?  ?  ?  ?  ? ?  ?  ?  ?  ?  ? ߤଶ  ?  ? ߤଶ  ?  ?  ?  ?  ?  ? ?  ?  ?  ?  ?  ?  ? ߤଵ  ?  ? ߤଶ  ?  ?  ?  ?  ? ?  ?  ?  ?  ?  ?  ?  ?  ?  ?  ?  ?  ?  ?  ?  ? ?  ?  ?  ?  ?  ?  ?  ?  ? ߤଵ  ?  ?  ?  ?  ?  ? ?  ?  ?  ?  ?  ?  ?  ?  ?  ? ߤଶ  ?  ? ߤଵ  ?  ? ?  ?  ?  ?  ?  ?  ?  ?  ?  ?  ? ߤଵ  ?  ? ߤଵ  ? ?  ?  ?  ?  ?  ?  ?  ?  ?  ?  ?  ?  ?  ?  ?  ? ?  ?  ?  ?  ?  ?  ?  ?  ?  ?  ?  ?  ?  ?  ?  ? ?  ?  ?  ?  ?  ?  ?  ?  ?  ?  ?  ?  ?  ?  ?  ? ?  ?  ?  ?  ?  ?  ?  ?  ?  ?  ?  ?  ?  ?  ?  ? ?  ?  ?  ?  ?  ?  ?  ?  ?  ?  ?  ?  ?  ?  ?  ?ےۑۑ
ۑۑۑ
ۑۑۑ
ۑۑۑ
ۑۑۑ
ې
ଵ଺ൈଵ଺
 (27) 
Through using Eq. (20), the same expression for the potential energy can be found as with Eq. (9). 
Therefore, the equations of motion can be written as  
 ۏێێ
ۍݍሷଵǡଵݍሷଵǡଶݍሷଶǡଵݍሷଶǡଶےۑۑ
ې ൌ ۏێێێ
ۍ ?ߤଵݍଵǡଵ ൅ ߤଶ൫ ?ݍଵǡଵ െ ݍଶǡଵ െ ݍଵǡଶ൯ ?ߤଵݍଵǡଶ ൅ ߤଶ൫ ?ݍଵǡଶ െ ݍଶǡଶ െ ݍଵǡଵ൯ ?ߤଵݍଶǡଵ ൅ ߤଶ൫ ?ݍଶǡଵ െ ݍଵǡଵ െ ݍଶǡଶ൯ ?ߤଵݍଶǡଶ ൅ ߤଶ൫ ?ݍଶǡଶ െ ݍଵǡଶ െ ݍଶǡଵ൯ےۑۑ
ۑې ൅ ۏێێێ
ێۍെ ?ݍଵǡଵଷ െ ൫ݍଵǡଵ െ ݍଶǡଵ൯ଷ െ ൫ݍଵǡଵ െ ݍଵǡଶ൯ଷെ ?ݍଵǡଶଷ െ ൫ݍଵǡଶ െ ݍଶǡଶ൯ଷ ൅ ൫ݍଵǡଵ െ ݍଵǡଶ൯ଷെ ?ݍଶǡଵଷ ൅ ൫ݍଵǡଵ െ ݍଶǡଵ൯ଷ െ ൫ݍଶǡଵ െ ݍଶǡଶ൯ଷെ ?ݍଶǡଶଷ ൅ ൫ݍଵǡଶ െ ݍଶǡଶ൯ଷ ൅ ൫ݍଶǡଵ െ ݍଶǡଶ൯ଷےۑۑۑ
ۑې
 (28) 
Solving ׏௤ܸሺࢗሻ ൌ  ? yields a number of equilibria for different values of  ߤଵ andߤଶ, as shown in Fig. 
5. Although only ߤଵ ൐  ? is considered in the subsequent analysis, for completeness the number of 
equilibria is shown forെ ? ൏ ߤଶ ൏  ?. It can be seen that the total number of equilibria varies with the 
coupling parameterߤଶ. In addition, the maximum number of equilibria occur whenߤଶ ൌ ߤଵ ൌ  ?, which 
is found to be 101. It is clear that these equilibria are both stable and unstable and in principle may be 
connected through paths in the phase of the problem. One type of path is the heteroclinic connection 
which connects equal-energy unstable equilibria through their stable and unstable manifolds. Therefore, 
in order to explore all possible equilibrium configurations of the smart surface model the case ߤଶ ൌߤଵ ൌ  ? for the coupling parameters is used. The case ߤଶ ൐ ߤଵ is used later to explore possible 
reconfigurations between different unstable states of the structure.  
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Figure 5. Number of equilibria of the smart surface structure with varying coupling parameter ߤଶ withߤଵ ൌ  ?. 
The equilibrium configurations of the smart surface model are listed in Table 1. The linear stability 
properties of these equilibria can then EHGHWHUPLQHGWKURXJKOLQHDULVDWLRQRI+DPLOWRQ¶VHTXDWLRQVLQ
the neighbourhood of each equilibrium point by an eigenvalue approach. Through dynamical system 
theory [34], a set of stable equilibria are then associated with conjugate imaginary eigenvalues and a 
set of unstable equilibria are associated with real eigenvalues of opposite sign. The linearisation of 
+DPLOWRQ¶V HTXDWLRQV IRU VRPH general equilibrium point ൫ݍ෤ଵǡଵǡ ݍ෤ଵǡଶǡ ݍ෤ଶǡଵǡ ݍ෤ଶǡଶ൯  of the 4 degree-of-
freedom system can be expressed in matrix form as 
 ۏێێ
ۍݍሷଵǡଵݍሷଵǡଶݍሷଶǡଵݍሷଶǡଶےۑۑ
ې ൌ ሺ۹ ൅ ܀ሻ ۏێێ
ۍݍଵǡଵ െ ݍ෤ଵǡଵݍଵǡଶ െ ݍ෤ଵǡଶݍଶǡଵ െ ݍ෤ଶǡଵݍଶǡଶ െ ݍ෤ଶǡଶےۑۑ
ې
 (29) 
 ۹ ൌ ۏێێێ
ێۍɀ෤ଵǡଶଵǡଵ െ ɀ෤ଶǡଵଵǡଵ െ  ?ݍ෤ଵǡଵଶ ɀ෤ଵǡଶଵǡଵ ɀ෤ଶǡଵଵǡଵ  ?ɀ෤ଵǡଶଵǡଵ ɀ෤ଵǡଶଵǡଵ െ ɀ෤ଶǡଶଵǡଶ െ  ?ݍ෤ଵǡଶଶ  ? ɀ෤ଶǡଶଵǡଶɀ෤ଶǡଵଵǡଵ  ? ɀ෤ଶǡଵଵǡଵ െ ɀ෤ଶǡଶଶǡଵ െ  ?ݍ෤ଶଵଶ ɀ෤ଶǡଶଶǡଵ ? ɀ෤ଶǡଶଵǡଶ ɀ෤ଶǡଶଶǡଵ ɀ෤ଶǡଶଵǡଶ െ ɀ෤ଶǡଶଶǡଵ െ  ?ݍ෤ଶǡଶଶےۑۑۑ
ۑې
 (29a) 
 ܀ ൌ ൦ ?ߤଵ ൅  ?ߤଶ െߤଶ െߤଶ  ?െߤଶ  ?ߤଵ ൅  ?ߤଶ  ? െߤଶെߤଶ  ?  ?ߤଵ ൅  ?ߤଶ െߤଶ ? െߤଶ െߤଶ  ?ߤଵ ൅  ?ߤଶ൪ (29b) 
whereɀ෤௠ǡ௡௜ǡ௝ ൌ  ?൫ݍ෤௜ǡ௝ െ ݍ෤௠ǡ௡൯ଶ. 
The eigenvalues of the linear system can then be found to determine local stability properties.  It can be 
shown that this 4 degree-of-freedom system possesses 29 unstable equilibria and 72 stable equilibria, 
again noted in Table 1. 
Table 1. Stability properties of the equilibria with ߤଵ ൌ ߤଶ ൌ  ? and the corresponding surface configuration. 
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Configuration 
     
Coordinates (0 0 0 0) (0 0 1 1) 
(-0.6 0.6 0.6 -
0.6) 
(-0.1 0.1 -0.6 
0.6) 
(0 0 0 1) 
Potential 
Energy 
0 -1.5 -1.6 -1.1 -1 
Type Maximum Saddle 
Number 1 28 
Eigenvalues 
േ ?, േ ?,  േ ? ?, േ ? ? േ ?Ǥ ?, േ ?Ǥ ?,  േ ?Ǥ ?,݅ േ ?Ǥ ? ݅ േ ?Ǥ ?, േ ?Ǥ ?,  േ ?Ǥ ?,݅ േ ?Ǥ ? ݅ േ ?Ǥ ?, േ ?Ǥ ?,  േ ?Ǥ ?,݅ േ ?Ǥ ? ݅ േ ?, േ ?Ǥ ?,  േ ?Ǥ ?, േ ?Ǥ ? ݅
Configuration 
     
Coordinates (0.1 1 -1 0.1) (1 1 1 1) (0 1 1 1) 
(1.2 0.6 0.6 
1.2) 
(0 1 1 0) 
Potential 
Energy 
-2 
Type Minimum Stable 
Number 72 
Eigenvalues 
േ ?, േ ?Ǥ ?,  േ ?Ǥ ?,݅ േ ?Ǥ ? ݅ േ ?, േ ? ?݅ ,  േ ? ?݅ , േ ?  ݅ േ ?, േ ? ?݅ ,  േ ?Ǥ ?,݅ േ ?Ǥ ? ݅ േ ?, േ ?,  േ ?Ǥ ?,݅ േ ?Ǥ ? ݅ േ ?, േ ? ?݅ ,  േ ?Ǥ ?,݅ േ ?Ǥ ? ݅
 
4. Heteroclinic connections 
In order to explore the possible transition of the model smart surface using heteroclinic connections, 
several configurations are selected from the set of equilibrium configurations discussed above to act as 
the initial and final states, respectively. Meanwhile, from Eq. (28) it can be shown that 
 
ݍሷଵǡଵ ൅ ݍሷଵǡଶ ൅ ݍሷଶǡଵ ൅ ݍሷଶǡଶൌ  ?ݍଵǡଵ൫ߤଵ െ ݍଵǡଵଶ൯ ൅  ?ݍଵǡଶ൫ߤଵ െ ݍଵǡଶଶ൯ ൅  ?ݍଶǡଵ൫ߤଵ െ ݍଶǡଵଶ൯൅  ?ݍଶǡଶ൫ߤଵ െ ݍଶǡଶଶ൯ (30) 
so that it can be seen immediately that equilibria can be found atܧ଴ሺ ?ǡ  ?ǡ  ?ǡ  ?ሻ, ܧଵሺ ?ߤଵǡ  ?ߤଵǡ  ?ߤଵǡ ?ߤଵሻ and ܧଶሺെ ?ߤଵǡ െ ?ߤଵǡ െ ?ߤଵǡ െ ?ߤଵሻ, which shows that these equilibria are independent of ߤଶ. 
It can be noted that the stability properties of equilibria ܧଵ and ܧଶ are a function of the ratio between ߤଶ andߤଵ. It can also be shown that the equilibria ܧଵ and ܧଶ become unstable forߤଶ ൐ ߤଵ. Therefore, ܧଵ and ܧଶ will be chosen to be unstable with ߤଶ ൐ ߤଵ so that a heteroclinic connection can be found 
between ܧଵ  and ܧଶ  for illustration. The purpose of finding such a transition is that the unstable 
equilibria ܧଵ and ܧଶ lie on the same potential energy surface and so in principle zero net energy input 
is needed to reconfigure the structure between them. Then, dynamical system theory can be employed 
to seek a possible phase space connection between these unstable equilibria. For a conservative system, 
OLQHDULVDWLRQRI+DPLOWRQ¶VHTXDWLRQVLQWKHQHLJKERXUKRRGRIHDFKHTXLOLEULXPSRLQW\LHOGVSDLUVRI
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eigenvalues ߣ ൐  ? and ߣ ൏  ?, respectively. These eigenvalues have corresponding eigenvectors 
associated with the directions ࢛࢙and ࢛࢛. The eigenvectors ࢛࢙and ࢛࢛  are known to be tangent to the 
stable manifold Ws and the unstable manifold Wu in the neighbourhood of each equilibria [27]. 
Therefore, the eigenvectors can be mapped to approximate the stable and unstable manifolds by 
integrating forwards or backwards from an unstable equilibrium pointࢠࢋ, defined by   
 ࢠ࢙ ൌ ࢠࢋ ൅ ࢛࢙߳ (31) 
 ࢠ࢛ ൌ ࢠࢋ ൅ ࢛࢛߳ (32) 
for ߳ ا  ?. This method can be used find heteroclinic connections between equal-energy unstable 
equilibria so that the structure can be reconfigured between unstable states. Symmetry is always a basic 
property for heteroclinic connections in dynamical systems. Therefore, symmetry can be imposed on 
the problem to search for heteroclinic connections. A two-dimensional space can be obtained by a 
dimensionality reduction with the following transformation 
 ൬ܳଵܳଶ൰ ൌ ቀܽଵ ܽଶ ܽଷ ܽସܾଵ ܾଶ ܾଷ ܾସቁ ൮ݍଵݍଶݍଷݍସ൲ (33) 
where the pre-multiplication matrix is a constant set here to 
 ቀܽଵ ܽଶ ܽଷ ܽସܾଵ ܾଶ ܾଷ ܾସቁ ൌ ቀ ?  ?  ?  ? ? െ ? െ ?  ?ቁ (34) 
thus transforming the four-dimensional space to a two-dimensional space, so that the potential defined 
in Eq. (9) can be transformed to  
 
ܸሺܳǡ ߤሻ ൌ ሺ ? ଵܳ െ ܳଶሻସ െ  ?ߤଵሺ ? ଵܳ ൅ ܳଶሻଶ െ  ?ߤଵሺ ? ଵܳ െ ܳଶሻଶ െ  ?ߤଶܳଶଶ ൅  ? ?ܳ ଶସ൅ ሺ ? ଵܳ ൅ ܳଶሻସ (35) 
In this new coordinate system, the equations of motion can be obtained from ࡼሶ ൌ െ׏௤ܸሺࡽሻ and so the 
dynamics of the new system can then be described by 
 
ሶܳଵ ൌ ଵܲ (36) 
 
ሶܲଵ ൌ  ?ߤଵሺ ? ଵܳ െ  ? ଶܳሻ ൅  ?ߤଵሺ ? ଵܳ ൅  ? ଶܳሻ െ  ?ሺ ? ଵܳ െ ܳଶሻଷ െ  ?ሺ ? ଵܳ ൅ ܳଶሻଷ (37) 
 
ሶܳଶ ൌ ଶܲ (38) 
 
ሶܲଶ ൌ  ? ?ߤଶܳଶ െ  ?ߤଵሺ ? ଵܳ െ  ? ଶܳሻ ൅  ?ߤଵሺ ? ଵܳ ൅  ? ଶܳሻ െ  ? ?ଶଷ െ  ?ሺ ? ଵܳ ൅ ܳଶሻଷ൅  ?ሺ ? ଵܳ െ ܳଶሻଷ (39) 
In these new coordinates, the system is symmetric about the axisܳଵ ൌ  ?. The unstable manifold of ܧଵ 
is therefore simply the reflection of the stable manifold of ܧଶ, which means that the structure can be 
reconfigured from state ܧଵ  to state ܧଶ  in principle without energy input. Therefore, a heteroclinic 
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connection between ܧଵ  and ܧଶ  is symmetric about the axis ܳଵ ൌ  ?, and so must intersect ܳଵ ൌ  ? 
perpendicularly, i.e. ሶܳଶ ൌ  ?. The numerical method used to find heteroclinic connection follows 
McInnes and Waters [27]: for ߤଶ ൏  ?Ǥ ? and ߤଵ ൌ  ?, ሶܳଶ  is sufficiently small for an approximate 
hetercolinic connection to exist. Then when ߤଶ ൎ  ?Ǥ ? ? ? andߤଵ ൌ  ?, an exact hetercolinic connection 
exists, as is clearly shown in Fig.6. This demonstrates that in principle for an exact value of ߤଵ there 
exist a value of ߤଶ not close to ߤଵ which admits a heteroclinic path. 
 
Figure 6. The value of ሶܳଶ at the first crossing of the unstable manifold with the ܳଶ axis, with the increasing 
parameter ߤଶ (ߤଵ ൌ  ?).  
The heteroclinic connection will therefore have a mirror image underܳ ? ՜ െܳ ?, as shown in Fig. 7 and 
Fig. 8. To initiate the heteroclinic connection, a small disturbance (߳ ൌ  ? ?ିଷ) is added along the 
unstable manifold ofܧଵ. For a true heteroclinic connection, motion away from an unstable equilibrium 
point and towards a connected unstable equilibrium point is asymptotically slow. In practice the actual 
phase trajectory must shadow the real heteroclinic connection and a controller used to initiate and 
terminate the heteroclinic connection [29, 30]. The corresponding shape of the surface during the 
transition from ܧଵሺ ?ǡ  ?ǡ  ?ǡ  ?ሻ to ܧଶሺെ ?ǡ െ ?ǡ െ ?ǡ െ ?ሻ is shown in Fig. 9. 
 
Figure 7. Heteroclinic connection between at ܧଵ (8, 0) and at ܧଶ (-8,0) for ߤଵ ൌ  ? and ߤଶ ൌ  ?Ǥ ? ? ?ߤଵ. The 
projection of the phase path in the new coordinate space ( ଵܳ െ ܳଶ).  
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Figure 8. New coordinates ( ଵܳ െ ܳଶ) for a heteroclinic connection between at ܧଵ (8, 0) and at ܧଶ (-8, 0) for ߤଵ ൌ  ? and ߤଶ ൌ  ?Ǥ ? ? ?ߤଵ.  
Numerical experiments demonstrate that it is in general possible to find a heteroclinic connection for 
some choice of coupling parameters ߤଵ andߤଶ, while again a controller [29] can in principle be used to 
achieve the reconfiguration for a choice of parameters ߤଵ and ߤଶ. Again, in principle for a conservative 
system without internal dissipation, such reconfigurations do not required the input of energy, which is 
efficient compared to conventional strategies with transitions between passively stable configurations 
across a potential barrier. 
5. Structure-preserving stabilisation control 
This section presents a control method to stabilise the unstable equilibrium configurations of the smart 
surface structure. For a Hamiltonian system, there exist hyperbolic equilibria that have stable, unstable 
and center manifolds, with the unstable manifold generating the instability. However, a control law can 
be applied which will establish Lyapunov stability of the relative motion about the equilibrium point 
and stabilise an unstable configuration [35,36]. Assuming active control is actuated by the spring 
coupling parameters (equivalent to modulating their natural length), the dynamics of the controlled 
system can be written as 
 ۏێێ
ۍݍሷଵǡଵݍሷଵǡଶݍሷଶǡଵݍሷଶǡଶےۑۑ
ې ൌ ࡷ ۏێێ
ۍݍଵǡଵ െ ݍ෤ଵǡଵݍଵǡଶ െ ݍ෤ଵǡଶݍଶǡଵ െ ݍ෤ଶǡଵݍଶǡଶ െ ݍ෤ଶǡଶےۑۑ
ې ൅ ࡮ ቂߤଵߤଶቃ ൌ ࡷࢗ ൅ ࡮࢛ (40) 
 ۹ ൌ ۏێێێ
ێۍɀ෤ଵǡଶଵǡଵ െ ɀ෤ଶǡଵଵǡଵ െ  ?ݍ෤ଵǡଵଶ ɀ෤ଵǡଶଵǡଵ ɀ෤ଶǡଵଵǡଵ  ?ɀ෤ଵǡଶଵǡଵ ɀ෤ଵǡଶଵǡଵ െ ɀ෤ଶǡଶଵǡଶ െ  ?ݍ෤ଵǡଶଶ  ? ɀ෤ଶǡଶଵǡଶɀ෤ଶǡଵଵǡଵ  ? ɀ෤ଶǡଵଵǡଵ െ ɀ෤ଶǡଶଶǡଵ െ  ?ݍ෤ଶଵଶ ɀ෤ଶǡଶଶǡଵ ? ɀ෤ଶǡଶଵǡଶ ɀ෤ଶǡଶଶǡଵ ɀ෤ଶǡଶଵǡଶ െ ɀ෤ଶǡଶଶǡଵ െ  ?ݍ෤ଶǡଶଶےۑۑۑ
ۑې
 (40a) 
0 2 4 6 8 10
-10
-5
0
5
10
t
Q
1
,2
 
 
Q
1
Q
2
17 
 
 ࡮ ൌ ۏێێێ
ۍ ?൫ݍଵǡଵ െ ݍ෤ଵǡଵ൯  ?൫ݍଵǡଵ െ ݍ෤ଵǡଵ൯ െ  ?൫ݍଵǡଶ െ ݍ෤ଵǡଶ൯ െ  ?൫ݍଶǡଵ െ ݍ෤ଶǡଵ൯ ?൫ݍଵǡଶ െ ݍ෤ଵǡଶ൯  ?൫ݍଵǡଶ െ ݍ෤ଵǡଶ൯ െ  ?൫ݍଵǡଵ െ ݍ෤ଵǡଵ൯ െ  ?൫ݍଶǡଶ െ ݍ෤ଶǡଶ൯ ?൫ݍଶǡଵ െ ݍ෤ଶǡଵ൯  ?൫ݍଶǡଵ െ ݍ෤ଶǡଵ൯ െ  ?൫ݍଵǡଵ െ ݍ෤ଵǡଵ൯ െ  ?൫ݍଶǡଶ െ ݍ෤ଶǡଶ൯ ?൫ݍଶǡଶ െ ݍ෤ଶǡଶ൯  ?൫ݍଶǡଶ െ ݍ෤ଶǡଶ൯ െ  ?൫ݍଵǡଶ െ ݍ෤ଵǡଶ൯ െ  ?൫ݍଶǡଵ െ ݍ෤ଶǡଵ൯ےۑۑ
ۑې
 (40b) 
whereɀ෤௠ǡ௡௜ǡ௝ ൌ  ?൫ݍ෤௜ǡ௝ െ ݍ෤௠ǡ௡൯ଶ. 
 
 
Figure 9. Transition from unstable equilibria ܧଵ (1, 1, 1, 1) at ݐ ൌ  ? to unstable equilibria ܧଶ (-1, -1, -1, -1,) at ݐ ൌ  ? ? for ߤଵ ൌ  ? and ߤଶ ൌ  ?Ǥ ? ? ?ߤଵ.  
 
The controllability matrix [37] for this third-order system is then given by 
 ࣝ ൌ ሾࡷ ࡰࡷ ࡰଶࡷ ࡰଷࡷሿ (41) 
If the equilibria satisfy the conditionsݍ෤ଵǡଵ ് ݍ෤ଵǡଶ ് ݍ෤ଶǡଵ ് ݍ෤ଶǡଶ, we can show thatࣝ ൌ  ?, which 
implies that the system is fully controllable. However, for the example discussed above in Section 4, it 
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can be shown thatࣝ ൌ  ?, so that additional actuators are therefore needed to ensure controllability. 
Therefore, the ߤଵ terms (the coupling parameter between each mass and its boundary node) is divided 
into four parts as ߤଵଵ , ߤଵଶ , ߤଵଷ and ߤଵସ , which represent the relationship between corresponding 
individual masses and their fixed boundaries.  
Then the matrix࡮ can then be expressed as 
 ࡮ ൌ ۏێێ
ۍ߷ଵǡଵ  ?  ?  ? ߷ଵǡଵ െ ߷ଵǡଶ െ ߷ଶǡଵ ? ߷ଵǡଶ  ?  ? ߷ଵǡଵ െ ߷ଵǡଶ െ ߷ଶǡଵ ?  ? ߷ଶǡଵ  ? ߷ଵǡଵ െ ߷ଵǡଶ െ ߷ଶǡଵ ?  ?  ? ߷ଶǡଶ ߷ଵǡଵ െ ߷ଵǡଶ െ ߷ଶǡଵےۑۑ
ې
 (42) 
where ߷௜ǡ௝ ൌ  ?൫ݍ௜ǡ௝ െ ݍ෤௜ǡ௝൯. 
It can then be shown that the controller is constructed as 
 ࢀ௖ ൌ ሼെߪଶሾܩଵ࢛ା࢛ାࢀ ൅ ܩଶ࢛ି࢛ࢀି ሿ െ ߮ଶܩଷሾ࢛࢛ࢀ ൅ ࢛ഥ࢛ഥࢀሿሽ (43) 
whereܩଵˈܩଶ andܩଷ are the gain parameters, ࢛ା and࢛ି are the stable and unstable manifolds with 
corresponding eigenvalues േߪ, ࢛ and ࢛ഥ are center manifolds with corresponding eigenvalues areേ߮݅. 
A detailed development and proof of the control law can be found elsewhere [35]. This control strategy 
can work effectively through estimating the relative motion and maintaining the Hamiltonian the 
structure of the problem. Through Eq. (43) the controller can now stabilise the smart surface to maintain 
its unstable configuration with the gain parameters ܩଵ ൌ  ?ˈ ܩଶ ൌ  ? andܩଷ ൌ  ?, as shown in Fig. 10, 
with the required controls shown in Fig. 11.  
  
Figure 10. Mass displacements under small disturbance around ܧଵ (1, 1, 1, 1) (a) without control (b) with 
control. 
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Figure 11. Control actuators generated through the parametersߤଵଵ, ߤଵଶ,ߤଵଷandߤଵସ. 
A structure preserving controller has therefore been developed to stabilise the smart surface in an 
unstable configuration, and verified as effective numerically with suitable controls found. The controller 
is based on computing the local stability characteristics of the motion through the manifolds, which can 
in principle be realised through modulation of embedded smart materials (e.g. shape memory alloys) to 
manipulate the spring coupling parameters. Clearly, for a realistic smart surface energy is expended by 
the controller in maintaining the structure in an unstable equilibrium configuration, between 
reconfigurations using heteroclinic connections. We therefore envisage the reconfiguration 
methodology proposed being used for applications where the structure has to frequently reconfigure 
between different configurations, for example for optical switching. In this way the energy efficiency 
of the heteroclinic connections for reconfiguration can compensate for the energy expenditure by the 
controller while temporarily in an actively controlled unstable state.  
6. Connected smart surface units  
The analysis from the previous section can now be used as the basis for the integration of connected 
smart surface elements. Such integrated systems can be extended to many potential applications which 
need frequent state switching to reduce mean power consumption and waste heat dissipation. One 
important potential application of this integrated smart surface system is that it can be reconfigured 
between two states to provide  motion, for example in a conveyer system, to move an object towards a 
goal position through arranging sufficient numbers of smart surface units.  
It is instructive to consider an analogue model consisting of two smart surfaces to understand the general 
behaviour of smart surface units connected in series. As shown in Fig. 12, the two adjacent smart surface 
units are connected by rigid links, which provides a relationship between each mass of every smart 
surface unit. When a vertical displacement ሺߜଵǡ ߜଶሻ  is applied in unit 1, unit 2 will move with a 
corresponding displacement. The motion of the coupled system can then be described by 
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ݍ௨ଵǡଵ ൌ ݍ௨ଶǡଵ ൌ ߜଵ (44) 
 
ݍ௨ଵǡଶ ൌ ݍ௨ଶǡଶ ൌ ߜଵ (45) 
 ߜሷଵ ൌ ݍሷ௨ଵǡଵ ൅ ݍሷ௨ଶǡଵ (46) 
 ߜሷଵ ൌ ݍሷ௨ଵǡଶ ൅ ݍሷ௨ଶǡଶ (47) 
where ݍ௨ଵǡଵ  and ݍ௨ଶǡଵ  represent two mass displacements of unit 1 and unit 2, respectively; ݍ௨ଵǡଶ 
andݍ௨ଶǡଶ represent the other two mass displacements of unit 1 and unit 2, respectively. 
Figure 13 shows the mass displacement of the each unit, which can be considered as a heteroclinic 
connection of the integrated system. It can be seen that the relevant mass displacements between unit 1 
and unit 2 have a rigid relationship, which is shown as the dashed line with the double-headed arrow. 
The parameters of the model used are the same as the model in Section 4. The corresponding shape of 
the connected smart surfaces associated with initial and final configurations are shown in Fig. 14. It can 
be seen that unit 1 is in a saddle configuration initially and then changes to a stable configuration, 
accompanied with unit 2 being reconfigured from a stable equilibrium to a saddle. With this scheme, 
the heteroclinic connection can be used for reconfiguring an integrated smart surface which is 
assembled from distributed smart surface units. 
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Figure 12. Schematic diagram of two connected smart surface units.  
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Figure 13. Configuration change during transition from unit 1 to unit 2.  
  
Figure 14. Corresponding shapes of the connected smart surface (a) initial condition (b) final condition.  
In the context of our proposed application, the two simply-connected smart surface units can realise 
reconfigurations as an integrated system. The smart surface unit can transmit motion through 
connections with neighbouring units. This example is provided to demonstrate how the methodology 
develop can be used to perform the reconfiguration of a larger smart surface that would be energy 
efficient compare to traditional approaches with transitions between stable states across a potential 
barrier. 
7. Conclusions  
Surface structures possessing multiple equilibria offer interesting dynamical behaviour with a broad 
range of potential applications. This paper has presented a preliminary study of a simple smart surface 
model composed of connected masses and linear springs. A general method has been provided to build 
the equations of motion of such a smart surface system. The theoretical model of the smart surface is 
nonlinear and complex, but some simple mathematical techniques can be employed to obtain a more 
compact normalized form. The nonlinear characteristics of the model can therefore be found by using 
dynamical system theory, which provides a predictive basis for the subsequent analysis of reconfiguring 
the smart surface and the design of structure-preserving stabilisation control. Then, an active 
reconfiguration scheme has been investigated to connect equal-energy unstable (but actively controlled) 
configurations for the purpose of energy-efficient morphing of the smart surface. The reconfiguration 
of the smart surface between two unstable states does not in principle need additional energy input 
compared to reconfiguration between two stable configurations. In order to demonstrate that the 
structure can be actively controlled in an unstable state, a control strategy has been proposed to stabilise 
the unstable configuration. This control method establishes Lyapunov stability of the relative motion 
about the equilibrium point and stabilises an unstable configuration.  A further development of the smart 
surface is proposed as an integral system, where the smart surface is extended by forming a series of 
connected smart surface units. The investigation into the reconfiguration of  connected smart surface 
units can therefore be developed to design larger smart surfaces composed of many more units, which 
can be used for further applications, such as for conveying, sorting and positioning micro-parts. The 
purpose of the paper has not been specifically to analyse a high fidelity model of a real smart surface, 
Unit 1
Unit 2
Unit 1
Unit 2
a b 
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but more generally to explore a new concept for reconfiguring smart surfaces using heteroclinic 
connections between unstable states.  
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